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The mean effective emlBBlTlty ae a function of teniperature 
for the Burfaced' of -several metals and Ineulatlng mateflala 
has heeh determined. IThe surfaces are typical samples of the' 
materials which are uBed In aircraft cons traction. A descrlp^ 
tlon and dlBcaaslon of the mensuration tsehnlgue Is presented. 
The data are evaluated over a range of surface^temperatures 
from spproxifflately 110° 7 to approximately 35Q 

Over the range' of temperatures Investlgatedi It vas found- 
that the mean effective emlsslvltles of the surfaces tested 
were approximately constant with ten^eratiire when viewed nor- 
mal to the surface; the several emlealvltleo ranged from ap- 
proximately 0.03 to approximately 0.S5* ^he color of a sur- 
face la not a crlterl'ra for estimating the emlsslvlty at the 
mvelengths and tesaperatvires under consideration; texture ar.d 
chemical conpositlon of the surface are prohahly more rella'ble 
crlterions. 

, She- result ohtained has heen termed the "mean effective 
emlsslvlty^" since it Is a factor to he used in a particular - 
equation Involving temperatures determined hy means of ther- > 
mocoizpl.es mounted in a particular manner* Xhis definition 
must ho kept in mind in using the values of the emissivities 
given. .' ■ ■ 

DfXRQDUCIION 

I ... A knowledge of the emlsslvltles of the surfaces of mat^ 

rials used in various places on. the airplane is needed vihen 
a complete heat halance on an ' airplane or any of its parts is 
undertaken. In mary ca8<;Bt as may he concliided If the conh- 
plete thermal circuit Is studied (reference l). radiation 
provides the controlling element in the circuit. Large errors 
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In the dealsn of oabln Insulation and of aircraft heaters 
majy- he made If the emiBslvltieB of the Borfaces are not 
estimated closely. 

It la the purpose of this report to present data on 
the moan effective emlsslTlty as a function of temperature 
for the surfaces of some materials ured In the airplane. 
!Qie values were obtained iQr viewing the specimens normal to 
the surface. IHirther measurements on these and other mate- 
rials over a greater rar.ge of temperatures* to Include the 
determination of tho variation of omlsslvlty with angloi 
are anticipated. 

This program of research In the Spectro-Badlomotrlc 
Lahoratoxy of the Department of Mechanical Engineering of 
the Unlveraity "of California mblb conducted under tho sponsor- 
ship and with tho financial asslctance of the National Ad- 
vlaoxy Committee for Aeronautics. 

iCho authors wish to escpross their appreciation to Messrs. 
L. M. Grossman and H. T. Foppendlek for their assistance In 
obtaining the data, and to Hoesrc. H. Foeland and D. ?. Sewoll 
for their aid In the construction of the apparatus. 

Tho materials used In tho investigations were obtained 
from tho Douglas Aircraft Compan7, Santa Monica, California. 



PROCmJHS AIID APPASAiTOS 

Smlsalvlty meanur emont s wore mado on samplos of Inconolt 
1&-8 stainless stoel, 24&*T alclad aluminum allo7, and a cloth 
covering of kapok Insulation In tho following manner. The 
test specimens wore heatod tsy contact with an electrically 
heated copper plate. Tho net exchange of onorgy by radiation 
between the heated specimen surface acid a thermopllo radloor- 
etor (reference 2) was measured. !l?he temporature of tho sui^ 
face of tho test specimen was measured by a thermocouple. 
?rom those moasurements of the surface temperature and the 
net radiant onergy exchange, a mean effective omlsilvity nor- 
mal to the surface was calculated. (See a3}pondlx A.) Tho 
following sketch llltLstrates the experimental setup. 
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SurroundlngB at temparaturo of radiometer hoaeln^ 



IISCUSSIQIT GUT EBSCIia!S iUSD COHCLnDIirG BEH&EZS 

She roBulta of the tests ere plottod In flguros 1 to \, 

Tho data sho^m in figure 1 for SUS-IT aloled aluolimm 
alloy Indicate that tbe mean effective emleslTlty for the 
painted surfaoo la many times that of the unpalntod surface. 
Xhe camouflage-groen paint poaseases a hlglhor mean offectlve 
onlaalTltgr than tho bItio ohromate paint* prohably hecauae of 
the rougher surface of the former. ^IIhe dotted curvo for the 
unpalnted aurfaco Indicator that tho experimental data were 
BomoiiAiat uncertain, although the nagnltudca preaented are 
prohably accurate vlthln 10 porcont. 

Eoferenco to figure 2 rereala that osdLdation of the sur- 
face of Ineonel had little effect on the mean effective emla- 
alvlty owing to Its hi^ corroaloz^rosiatance oharacterlatlca. 

Althou^ the emlaalvlly of untreated 18r-8 atainlsaa 
ateel waa not meaauredi It la hellevod to he a low value. 
Oxidation of the aurface hy heating In air to 1500 and to 
1000 T and alao h7 a aolutlon of chromic and aulAirlc aclda 
prohahly Ineroaaed the mean effective emlaalvlty. A roughen- 
ing of the aurfEMSo (aand-hlaating) alao Iscroaaod the^emla- 
alvlty, hut rot aa much aa tho hl^ temperature (15OO T) 
oxidation. (See fig. 3>) 



Iho approxLinatQ thickness of the paint on the surfaces 
is llstod In the following tahle: 

Approx. thlckneas rango 
Material (microns) 

Al-uminum painted cloth 12 IS 

Green painted cloth ^ - IS 

Fainted metal 2 - ^ 

Xhe QmiBBlTily of the cloth sainplc la lower iirhon painted 
with the aluminuD than when painted with the green painti 
prohahly 'bocauae of tho reflecting characteristic of the 
motftl in the paint. (Soe fli*. k.) 

!Che mean effoctive emaeivlty or all of tne .'jetil our- 
faces measured are a-sT^roxiiaately inderoendent of tenrperature 
hetween 100° aiid 3'^d° P. The same la true for the cloth ■ 
apecimena "between 100° aiid 250° .P. 

In using tho emiasivltler. reported here* tho teonpora- 
turoB moet ho moasured as follows: 

Cloth surfaces: Small cuts aro made in tho cloth sur- 
feco and thermocoizplos of No. UO wire inserted in those cuts 
in such a manner that tho thormocouploc are within a few 
thousandths of em inch of the surface. The wires are held 
in place hy means of colluloso acetcte cement. 

Metal surfaces: Xhe thermocouplo should he oo?.derod to 
the surface with as small a soldorod Joint as posaihle. 

UnlTersitar of California, 

Berkeley. Calif., Octoher 191^3. 



SIKBOIS 

Aq area of surface a, f t° 
A-b area of surfaco h, ft* 
Ag area of aurro'jndings, ft° 

Ci proportlonalitv constant between voltage generated 

hy thormo-oile End ahaorhod poi-.'or, gillivoltB 

Btu/hr 



Zj enlaslTO power of an. Ideal radiator at waTelongth 

a X and temperature T^* g . ^ 

■ hr- ft —micron 

]&T« emlasl'vo pover of an Ideal radiator at wavelength 

^ and teiqperatare T^, SsSs 

hr ft ■ micron 

Bherae modulusi the fraction of energy orlglnal?4r 
leaving a perfectly Alffuolng surface a of 
uniform ^teniporature lAich rsachoa a aurface "b 
before^ any rofloctiona bavo taken place 

ooa <l>£j COB 4>j, d A-jj dAg^ 
, p 



Dofore any 



(Seo rcfofencea 3» PP* 11-*12| S, 7i S*) 

Jg ^ , ahapo modulus, (eaino as — g,, "but refera to 
energy leaving a Incident on a) 

shape modiiluai (aamo as "but rofora to 

energy leaving incident on a) 

Tq,^ ^ shape modulua* (aamo as Tt)< n» refera to 

enorg/ leaving b Incident on a) 

B shape modoluoi (aame as Fi)< — g^, hut rofcra to 

energy leaving a Incident on a) 

Jfatc o ahape modaluBi (somo aa ^» "bat refera to 

energy lenvlng a incident on h) 

X calibration factor of radiometer u8od» Stu/hr f t ° mv 

mv eloctromotlve force generated "by thermopile element 

of radiometer, millivolts 

q^g^ net exchange of radltmt power at one Ttodyi Btu/hv 

r distance 1)ctwoon a point on surface a and a point . 

on aarfaoe bi ft . 

9^ a'baoluto temperature of aurface at °& 



Sj, ebgolute tomperatare of ourfaco T)* 
Ig a'bsolute tengserature of aurfaco °R 

Cv. Donochroaatlc BmlBalvlly of surface b at wave- 



monoohromatlc omlBslvlty of Borfaeo a at vfflYO- 
leneth ^ and tamporaturo !Da 



length ^ and temperature' 1^ 



Cg. monochromatic anlsBlTltgr of Durfaco a at nmvo- 
^•^8 length X and tenrperr.ture Ig 

e« mew effoctlTe emlap.lTlty of surface a at tenb- 

^®IDj^ perature 

mean off octlvo omlsslTlty of sorfnce h at toi>- 
=®!iJb perature OIt, 

(t^ an^^o "betwcon a rogr to a point on ourfnco n, and 
the normnl to that point 

<t>i] angle "between a rajjr to a point on eurfaoo hi and 
the normal to that point 

X vaTolongthi microns 

d^ differential wavelength, microns 

In ordor to calculr.te tho hoat tmnsfor from n eurfnce 
Taj radlatloni tho couiplcte systom must he consldorod in tho 
analysis. lEhis statement is hest illustrated "by the following 
example! 

A surfeico r.t a tenperr-.ture !Pq and having a monochro- 
matic emiaaivity ^ pa. „ Comissivity at vavolengtli ^ and 

tcmporature Hg) is in a large enclosure pnd la hoing ir- 
rr.diated hy a hot Burf?.co at r- toiapcraturo Tb. f.nd having a 
monochromatic onisBlvity c-fax m. • surroiindlngB oxQ r,t n 

uniform temperature oq.urJ. to T^. Iho aroas aro.roprosentcd 
hy Aq, and At,,- the area of the ourroundings hoing Agj 
Aq and A-|, are aufficlently email and far apart that nil 
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points on may "be conolderod oquldistenli fron all point'e 

.OA Ai) nad that no Intcrrofloctlona take place. jU.1 surf aces 
are opsxiao and perfectly diffuse. The sketch llluBtrates the 
eystemi 



8arfR.ce a 



Sarfnce a 

Area 

Honochracip.tlo 
odBBlvity 

Xeiiiper''.ture 



w - 



Surface "b 



SurroundingB a 

Surface h Surroundings a 
Ab As 



e. 



Ta 



= 1 



Konochromtic 

esalaaive powor e.-^x,! X Bi^^ « iJN.T^^^^IX.aib ^^A.Ta 

Duo to the fret thnt the surroundings oro large coinparod 
to the mdlatlng surfnccs a and "b* the surroundings radi- 
ate to those surfnceo as If the surroundings hod an enilsalTl'lT' 
of unity (reforence 3)« 

"Iho not amount of power ahsorhed "by surface a Is de- 
alred. A radiation hoat "bnlance on surface a la accoiipllshed - 
that Ist the difference "between all ahaorhod and radlatod 
powor Is ohtalnod. The atJeorhed power la equal to the Inci- 
dent power tides the absorptivity. The Donochromatlc absorp- 
tivity la equal to tho laonocliromatlc amlaslvlty (reference h). 
The powor ahsorbod at a la eq:aal to the sun of the following 
terms: 
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^ 



B a 



St 



^fvt/m 

e 



8 BP^— S 



it* J 



power radiated to a 
from t. and a1>- (l) 
Borbed at a. 

power radiated to a 
from B and at)- (2) 
Bor'bed at a 

power radiated to 1) 
from 8 and re- (3) 
d^ fleeted to a and 
absorbed at a 



Xhe power actually' leaving a Is equal to the power a'bsor'bed 
"by surface b - from a plus the power a'b8orl}ed by surface s from 
a. If there were any other absorbing bodies in the systemt the 
power absorbed by them from a would be added. 



!I9ie power leaving a is eq.ual to the sum of the following 
texms: 



'NT ^T 



a b< — a b 



a 



d?v 



3Bj 



a b<— *b 



A 7. 



> 



i-v m 1-4 m a B<~"a S-v „ 
^'^a ^^8 



dX 



power radiated to b 
from a and ab- (U) 
sorbed at b 

power radiated to b 
from a and re- (5) 
d^ fleeted to a and 
absorbed by a 

power radiated 
directly to a (6) 
from a and ab- 
sorbed at 8 



Further terms can be written lAiich will account for interre- 
flectlons, but the effect of this 'phenomenon will be postulated 
as negligibly small. 

She net power absorbed at a is equal to 

Td) +(2) +(3) J -[ (^) + (5) + (6) 

Qomblning the varloua terms and utilizing the reciprocity rela- 
tion (reference 3i P« 



(7) 
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the exprooslon 

q^j. (not heat treaisfev rato) 



r r 

1b olitalned* 

In general, nil tho vvu'lu.'bloB In this equation would 
have to he known in order to ohtrln en rccurato result. A 
cloffo ngproxiap-tlon to the corroct result noy he ohtalned hy 
replacing tho nonoohronntlo enlBslvitloB, fin- _ P-nd t^^. • 

used in cquntiona (l) to (9) hy constants (menn effective 
emlBBlvitios) vhich t-jro obtained T^r evor:\ging fihp^i^ 

e ^j^^^ with rooT3oct to ^Ix^n;^. *I^,Tb' '^^ ^^^.Te 

the wavolengths Involvod. Ihose mean effective emlBBivities 
e- and Cv ere defined in such a nannor as to yield 

the srano result (qnot) for tho tociporr.turoB T^' ""h* "■^^ ^b" 
Sheso valuos are givon in this rqport*- Since the values of 
^no J (^'^ off active enlasivlty of any hody at a- temperature 

T) are avoragcsf it nuat "be reraenbered th".t thoy ore .iveir-^^od 
with reefpect to certain vrirl?.hle8| and oonsequently rire to ho 
ueed only with thOBO v-,rio.hlofl over the range that the aver- 
ages were taicen» 
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7or the case In which T^= eq.ua tlon (9) becomes 



OB 

Qnot = ^ »b«. J - J 0^ (10) 

equation (lO) beconos 

nnd« Blnco (reference 3. p. 12) 

,4 



^net - ^. rb<-r. ^r^,^,,,^ ^1,,,^ o - ^^b *] (l2) 

Xho onlsslvll^ QGaovLTorentR vorc mr.do un^cr cosdltlons 
sn-tlsfying egur.tlons (lO) md (l2). The nop.eurguonts were 
i!i:>.dc as follows: 

ICho thomqpllo radiomotor (roforence 2) \-rr.s uciod to ncr.s- 
uro the net Intorchango by r-JLlatlon (q^et^ botwccn the ther- 
mopile rocolTor elonont nnd tho teat aurfice. It hr.s boon 
shown (reference 2) thv.t tho ^owor exchange by rc^dintlon is 
directly proportional to tho oloctro-motive force gcnorr.tod 
by the themoplle ns detenilncd by a potentlonotor. Gnnso- 
qusntl;''! slnco the housing and surroundings ore :-.t the ton- 
porcturo of the receiver elcnont, 

qnot « 0,(nr) = ^. ]Pb<_a ^0^^^ ^bnejj^ ^ (^a* " ^^b*) (l3) 

In equation (13)» Oi Is n proportionality factor be- 
tween (quet) ^^'^ elcctroootlvo force Gonorp.tud In allll- 
Tolts. In ai'jd En now refer to the radlonotor receiver- 

eloaontt '^•nd and ^"b-^ to tho tost spoclacn. Allihou^ 
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data have not 'boen o'btalned for the complete spcctrun, ■ siiff 1- 
clont ozperlEiontB hr-vo hoon perforaod to Indicate thr.t ^^Oq^^ 

(the nona effective Gndaalvlty of the radidicetor r'ecoivor 
elociont) la constazit for the toiaperature rongoa uced. Solving 
equation (13) for Cv (the laean effective enlaalvlty of 

tho tost ^oclnen) roaulta In the oqu?.tlon ■ 

^ ^enu " { — J 4r 



nndi aettlng 



^Bei^--' 

eD...„ = U:^ (15) 

^txs-aO (la" - V) 



E lo o'btalned "by ccllbrritlon with c. rodlr.tlon st-'Midrjrd. 

Oo'.Tparl8on of equatlona (lO), (13), ".ad (,1k) sliows that 
(toklng ^ of the rr.dlonotor roceivor elonent aa conr- 

atont with wrvelength and equnl to ) 

m 

'-b^ = -2 (16) 

ThxxB, equfitlon (16) ohowa that the riean effective emlaalvlt7 of 
a naterlal (^Tj^^. ) la a function of C-j,^ , T^* 5Pb- 

In tho moasnreaonta dOBcrl'bed, Tj, waa held at room toinporar- 
ture* while wr.a varied. !QmB, tho valuea obtained are 
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for TBJTing spoclmon tomperaturos (.T^), "but nnist be uaod with 
tho aarae value of 1^ r.B used In the cxparlaonta. That 18| 
In eomputlzig radiant heat triuiafer fron a auxfacef the ▼oluea 
of the neaa effective omlaalTltlcB (emeip) ^ olttalncd fror. the 

curroB given In this report may- "be used to a high dcgroo of 
accuracy only If the radiation coi^puted la to aurfacea at > ^ 
ordlnaiy room tesiperpture. Actuallyi if the mean offoctlve- 
eaisaivity of the aurface doea not vaiy much with toapomture, 
radiation to surfacea at other tomporaturoa con te eaticated- 
to a good degree of approxlcsatlon Toy uaing the acuae mean 
effective eialaalTlty. The allowaljle variation in 1^ 
ho eatlnatod Tsy Inapcctlon of the curvca (flga. 1 to U). 
If tho alopo of the Cjj^q^ agalnat I curve la sciall, or 

zero I It la prohablo that the valuoti of meeua offcctlvo 
euiaalvity given hy thoae curvea arc applicahle over wide 
rejtige of valuoa of the tenperaturo of the other radiating 
aurfacea in tho ayatoa. 

For exeunple, the curve for aaad-'blaatod 18-8 stainloaa 
atcol reveala that the valuea of mean effective eniaaivity 
givon are prohahly appllcahlo in a ayateo in ^rtilch tho 
tomperatare of the othor radiating aurfacoa differ conalder- 
31)37 from roon teiaperature; the curve for 2kS^T alclad 
painted with cojnouflage-green paint cannot "be used with 
accuracy in a aiyatea In which the tooporaturea of the othor 
radiating aurfacea differ froin the uaual room tenperaturo 
"by a large amount. 

It Ehould ho onphaalsod that in any epplication of the 
thcrnopile radlonetcr a conpleto ejialyala of the aj'-ctora 
would ho nocoaaaxy.- and tliat tho conditiona which ohtain 
in tho Explication deacrlhed provioualy mry not hold in 
another ayaton. 
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Tigore 1.- Xmleslvlty as a fuaction of temperature for painted surfaces of 24 S-T alclad. 
(Measured In a direction perpendicular to the plane of the surface). 
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Figure 2.- Emissivity of Inconel as a function of temperature. 

(Measured in a direction perpendicular to the plane of the onrface). 
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Tigure 3.- Bnlsslvlty of 18-8 stainless steel as a function of teoperatore. (lleaBored in a direction 
perpendicular to tlie plane of the surface). 
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Tlgure 4.-^.BniBBiTlty as a function of ten^erature for the surface of cabin ineulating material. 
- (lleaaured in a direction perpendicular to the plane of the surface) . 
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